Recurrent urinary tract infections (rUTIs) are a source of considerable morbidity in women. The infecting bacteria in both rUTIs and a de novo acute infection have been thought to originate from an extraurinary location. Here, we show in a murine model of UTI that uropathogenic Escherichia coli (UPEC) established quiescent intracellular reservoirs (QIRs) in Lamp1 ؉ endosomes within the urinary bladder epithelium. Depending on the integrity of the urothelial barriers at the time of initial infection, these QIRs were established within terminally differentiated superficial facet cells and͞or underlying transitional epithelial cells. Treatment of infected bladders harboring exclusively superficial facet cell QIRs with the cationic protein, protamine sulfate, led to epithelial exfoliation and eradication of bacteria in 100% of treated animals. However, when the bacterial QIRs were harbored in underlying transitional cells, stimulation of epithelial turnover triggered reemergence of viable organisms and recurrence of infection. Thus, our results suggest (i) that bacterial QIRs within the bladder may be a previously unappreciated source of recurrent UTIs and (ii) that inducing epithelial exfoliation may be a therapeutic avenue for treating this heretofore recalcitrant disease.
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bladder ͉ endosomes ͉ quiescent intracellular reservoir ͉ recurrence ͉ urinary tract infection U rinary tract infections (UTIs), the majority of which (Ͼ80%) are caused by uropathogenic Escherichia coli (UPEC) (1), affect 8 million women annually in the United States (2) and exhibit a high recurrence rate: Ͼ25% of all UTIs recur within 6 months (3). Therapeutic regimens do not differentiate between recurrent UTIs and new UTI episodes, as both are commonly thought to be acquired from extraurinary locations (e.g., the vaginal mucosa or intestinal tracts). However, daily antibiotic treatment of perineal and periurethral areas has not been shown to prevent recurrent infections, suggesting that transmission from the intestine or vagina to the urinary tract may not be necessary for recurrence (4) . Also, up to 68% of recurring UTIs (rUTIs) are caused by E. coli that are identical to the original strain (5) and can occur up to 1 year after the initial infection (6) . Culture analysis of bladder biopsies taken from women with rUTI symptoms after antibiotic therapy revealed that 8 of 33 (24%) patients had positive bacterial cultures from the biopsies despite sterile urines (7) , further implicating the bladder itself as a source for seeding new infections. UPEC have also been shown to persist and reemerge in the bladder despite antibiotic therapy and sterile urine cultures in a murine model of UTI (8, 9) . If rUTIs are caused by bacteria persisting within the bladder, this would argue for new approaches to rUTI diagnosis and treatment.
The mammalian urinary bladder is lined by a pseudostratified transitional epithelium that is three to four cells thick. Normal urothelial renewal is perpetual but slow, with a 40-week turnover (10) , and is fueled by the urothelial stem cell, which resides in the basal layer, proliferating and differentiating to form intermediate cells, which in turn terminally differentiate into superficial facet cells (11) . Intact superficial facet cells pose a formidable barrier to bacterial colonization, and for decades UPEC was considered strictly an extracellular pathogen. However, superficial facet cells express integral membrane proteins called uroplakins (UP), which can serve as the receptors for UPEC, on their luminal surface (12) . Mouse models show that UPEC invade terminally differentiated superficial facet cells upon binding of UPEC to those receptors. Bacterial entry into facet cell cytoplasms is a critical event (13, 14) . By 12 h postinfection (hpi), virtually all surviving bacteria are intracellular (8, 9, 13, 15) . Upon entry into the superficial facet cells, UPEC are able to rapidly replicate and form intracellular bacterial communities (IBCs), characterized by a defined differentiation program and enhanced resistance to antibiotics. Typically, no more than 500 IBCs per bladder develop from an inoculum of 10 7 bacteria, indicating that invasion and intracellular replication are relatively rare events. However, within hours of IBC development, the progeny of successfully invasive bacteria emerge from the facet cells, often in a filamentous state, and invade neighboring cells to start the cycle anew (14, 16) , suggesting that invasion and intracellular replication affords a survival advantage for the bacteria to persist within the bladder.
The mammalian host is not inert in the face of bacterial invasion. Host defenses against the invading bacteria include exfoliation of superficial facet cells, which aids clearance of tissue-associated bacteria (13) . Superficial facet cell exfoliation is followed by a renewal process characterized by proliferation of immature underlying transitional epithelial cells that eventually differentiate to restore the superficial facet cell barrier within days of initial bacterial invasion (13, 17) . Although the vast majority of UPEC are cleared by host defenses within a few days, small clusters of intracellular bacteria have occasionally been observed to persist for months in an antibiotic-insensitive state (8, 16, 18) . The long-term persistence in the face of antibiotic therapy suggests that these bacteria are within a protected location within bladder epithelial cells.
In addition to the superficial facet epithelial cell barrier, invading bacteria also face a chemical barrier: the complex network of proteoglycans͞glycosaminoglycans (GAG layer) that is woven into the urothelium and is known to act as an antimicrobial adherence factor (18) (19) (20) (21) . Parsons et al. (19) have shown that protamine sulfate (PS), a highly cationic protein (pI Ϸ 12) can lead to both exfoliation of the superficial facet cell barrier and biochemical inactivation of GAGs (19) . Furthermore, PS treatment also increases urothelial ionic permeability (20) and facilitates bacterial entry (21) . Thus, we reasoned that PS could be used as both a chemical exfoliant of infected superficial facet cells and as an adjuvant to facilitate bacterial entry into nonex-foliating transitional cells underlying the superficial facet cell layer.
In this report, we investigated the molecular and cellular mechanisms underlying formation, reemergence, and͞or elimination of putative persistent uropathogenic bacteria from the bladder epithelium using PS.
Results

UPEC Establish Quiescent Intracellular Reservoirs (QIRs) within
Lamp1 ؉ Endosomes. To examine the cellular features of persistent UPEC infection, bladders of adult female C57BL͞6J mice were infected with UTI89, a well characterized clinical cystitis isolate (9) expressing GFP. Urine samples were then collected from all mice (n ϭ 4-8 mice per experiment, two independent experiments) at 2 weeks after bacterial exposure and found to be sterile; samples showed no evidence of inflammatory cells, indicating that there was no active infection or extracellular UPEC colonization at this time point. Whole-mount bladder tissue analysis revealed that the urothelium had an intact superficial facet cell layer, indicating that the renewal process after acute infection was complete. Furthermore, our analysis revealed GFP-expressing bacteria persisting exclusively within the superficial facet cells (Fig. 1A) . Interestingly, intracellular bacteria persisting in these cells were arranged in rosette-like clusters, suggesting that they were sequestered within a subcellular compartment (mean, eight rosettes per bladder, n ϭ 5 mice per experiment, two experiments).
To examine the putative UPEC subcellular niche, sections from bladders infected with UTI89-GFP for 2 weeks were probed for the presence of early endosomal (rab5a), late endosomal͞early lysosomal (Lamp1), and late lysosomal (cathepsin D) markers. We found that 100% of the E. coli rosettes were enclosed within Lamp1 ϩ Rab5a Ϫ CathepsinD Ϫ vesicles (Fig. 1B) . We then sought to determine whether the persisting bacteria were quiescent within their vesicular location. Mice infected with UTI89-GFP for 6 h, 24 h, 48 h, and 2 weeks were injected with a nucleotide analogue (BrdU) that labels cells in S-phase (n ϭ 5 mice per experiment). Multilabel-immunofluorescence analysis (IFA) of tissue sections from the BrdU-labeled, infected bladders revealed that UTI89 bacteria within IBCs (6-24 hpi) were BrdU ϩ , i.e., in a state of active replication (Fig. 7 , which is published as supporting information on the PNAS web site). At 2 weeks after infection, small numbers of replicating intracellular bacteria could be visualized occasionally (Fig. 1C , a replicating bacterial doublet). However, larger bacterial clusters did not stain BrdU ϩ (Fig. 1D) , suggesting that the bacterial rosettes had limited replicative capacity and were mostly quiescent. In addition, we found that the Lamp1 ϩ vesicle-enclosed UPEC rosettes could survive for as long as 12 weeks in the urothelium, suggesting that UPEC can persist long term within these endosomal vesicles without eliciting a host inflammatory response or triggering exfoliation of the epithelium. Because these persistent vesicular membrane-bound quiescent bacterial rosettes could constitute a bladder epithelial reservoir that could potentially seed same-strain recurrent UTIs, we termed them QIRs.
PS Treatment Eliminates QIRs Localized to Superficial Facet Cells.
The cationic protein PS can induce superficial facet cell exfoliation. Thus, we reasoned that PS treatment should eliminate the QIRs maintained in this superficial epithelial cell layer of the bladder. To test this hypothesis, we treated mouse bladders (n ϭ 24 mice) 2 weeks after UPEC inoculation with 10 mg͞ml PS. Mice were followed daily by urinalysis that showed exfoliated facet cells, but no inflammatory cells. Seven days after PS treatment, the mice were killed, and their bladders were titrated for bacterial CFUs. CFUs in the exfoliated bladders were below detection, suggesting that no viable bacteria remained in the tissue. QIRcontaining mice that had not been PS-treated continued to maintain bacterial titers of 10 2 to 10 3 CFUs͞ml (P Ͻ 0.001; Fig.  2 ). Thus, PS treatment ''cured'' chronically infected mice, eliminating all persistent bacterial QIRs from the bladder.
QIRs Can Form Within Underlying Transitional Cells in PS-Pretreated
Bladders. Our findings suggest that UPEC inoculation into healthy, unperturbed mouse bladders results in bacterial persis- tence in the superficial facet cells. However, human bladders are routinely exposed to stimuli [e.g., cationic antimicrobial peptides, defensins (22) , and PS-like low molecular weight cationic cyto-injury factors produced in human urines (23) ] that may lead to both superficial facet cell exfoliation and damage of the GAG layer. A damaged superficial facet cell layer with exposed underlying transitional cells could thus constitute a physiologic condition encountered by UPEC during an ascending infection into the human urinary tract. Thus, we sought to investigate in a mouse model whether UPEC could colonize exposed underlying transitional cells of the bladder. We reasoned that if the protective cellular and chemical bladder barriers were disrupted before initial UPEC inoculation, it would allow greater access of bacteria to all layers of the bladder epithelium. Thus, we pretreated bladders with 10 mg͞ml PS for 12 h and subsequently exposed them to 10 7 CFU of UTI89-GFP; mice were followed for 6 h, 24 h, 48 h, 72 h, and 2 weeks after bacterial exposure (n ϭ 4-8 mice per experiment, two experiments). In bladders pretreated with PS, UTI89-GFP was able to successfully invade into the remaining nonexfoliated facet cells and establish IBCs at the early time points (6 hpi) with unusually high frequency (mean 629 IBCs per bladder vs. Ͻ500 per bladder without PS pretreatment). At those early time points, all intracellular bacteria were found in superficial facet cell cytoplasms and exhibited characteristic IBC morphology (Fig. 8 , which is published as supporting information on the PNAS web site).
However, at later time points, we discovered IBCs where they have never been previously documented. Using whole-mount bladder tissue analysis, we observed that, at 24 hpi, bladders pretreated with PS contained cytosolic IBCs within the underlying transitional cells (mean 32 per bladder, n ϭ 5 mice per experiment; Fig. 3A and Fig. 9 , which is published as supporting information on the PNAS web site). Scanning electron microscopic analysis of these bladders confirmed that the IBCs within the immature transitional cells resulted in pod-like protrusions into the exfoliated luminal surface of the bladder with bacterial rods evident through the pod shell (Fig. 3B) . Interestingly, when the entire superficial facet cell layer was chemically stripped before bacterial exposure by application of higher PS concentrations, IBCs did not form in the underlying cells, suggesting that bacteria may first need to undergo IBC development within superficial facet cells before invading underlying transitional cells.
Forty-eight hpi, bladder whole mount and IFA revealed that cytoplasmic IBCs were no longer present in any cell layer (n ϭ 5 mice per experiment, two experiments). Instead, the intracellular bacterial populations were now present as small rosette-like clusters (Fig. 4A) , characteristic of the QIRs observed in non-PS-pretreated, chronically infected bladders. However, the quantity of QIRs in PS-pretreated bladders (mean 72 per bladder in PS-pretreated bladders; n ϭ 5 mice per experiment, two experiments) was 9-fold greater than in non-PS-treated bladders. Thus, disruption of chemical and cellular host barriers exposed UPEC to epithelial locations that are not accessible in otherwise healthy bladders.
Forty-eight hours and later after infection, the underlying transitional cells are in a state of active proliferation and differentiation into mature superficial facet cells. Our data revealed that QIRs in PS-pretreated bladders were found within both proliferating [proliferating cell nuclear antigen (PCNA) ϩ and E-cadherin ϩ (Fig. 4B) ] as well as nonproliferating transitional cells (Fig. 4C) . Furthermore, GFP-labeled bacterial QIRs persisted stably up to 12 weeks or more after infection as revealed by surveys of whole bladders (Fig. 4D ) and were present in regenerated UPIII-expressing facet cells at these later time points (Fig. 4E) . Together, these data suggest that proliferation͞ differentiation status of the epithelial cells does not affect QIR formation.
Transitional Cell QIRs Are Also Enclosed Within Lamp1 ؉ Vesicles. Next, we determined whether the QIRs in underlying transitional cells were also sequestered within Lamp1 ϩ vesicles. Sections from PS pretreated bladders infected with UTI89-GFP at the early (1.5-24 h) and late (48 h, 72 h, 2 weeks) time points were immunostained with antibodies to Lamp1 and cathepsin D, antibodies generated against whole E. coli and FimH, an E. coli type-1 pilus adhesin. We found that, at 48 hpi and later, all E. coli QIRs were enclosed within Lamp1 ϩ vesicles in E-cadherinlabeled transitional cells (Fig. 5 A and B) and the bacteria continued to express FimH (data not shown). IFA of tissue cross-sections revealed an average of 8-10 vesicles per 5-m section (n ϭ 3 sections scored per mouse bladder, n ϭ 4 mice per experiment). Each vesicle contained between 2 and 12 bacteria (n Ϸ 200 Lamp1 ϩ vesicles scored). Cathepsin D ϩ vesicles were found within the same cells in the same bladders, but never enclosed bacteria (data not shown), indicating that E. coli QIRs were not present in degradative lysosomes. Because QIRs were also found in non-PS-treated bladders, entry into and persistence within membrane-enclosed intracellular compartments appears to be a general feature of UPEC and is not an artifact of PS treatment. We found that the vesicle-enclosed bacterial QIRs were stable in the Lamp1 ϩ vesicles and continued to be sequestered even as the cells that harbored them differentiated into mature superficial facet cells (2 weeks after infection). At 2 weeks after infection, abundant viable bacteria remained in the bladder tissue, although there was a 3 log reduction in CFU titers (CFU͞ml ϭ 10 3 at 2 weeks relative to 10 6 at 6 hpi, Fig. 5C ).
Bladder Epithelial Turnover Is Associated with Reemergence of UPEC from the Reservoir. PS pretreatment of bladders exposes normally protected locations in the urothelium, presumably allowing UPEC to form QIRs within deeper cell layers. At 2 weeks after infection, a time when the mouse bladders have completed their initial renewal cycle and regenerated intact facet cell layers, the QIRs could be found throughout all cell layers, including regenerated superficial facet cells. We next determined whether the broadly distributed QIRs in PS-pretreated bladders could be cleared by triggering exfoliation, as occurred in non-PSpretreated bladders where QIRs were confined to the superficial facet cell layer. To reinitiate regeneration in the PS-pretreated bladders, we administered a single bolus of 10 mg͞ml PS at 2 weeks after initial infection (n ϭ 30 mice). Mice were monitored daily thereafter for bacteriuria, and five mice each were killed 24, 48, and 72 h after PS retreatment. Whole-mount bladder tissue analysis with subsequent IFA of tissue sections from the same bladders revealed that, 24 h after PS treatment, there was massive exfoliation of the facet cell layer. Forty-eight hours later, the underlying cells were rapidly dividing and regenerating (data not shown). Whole-bladder tissue surveys showed no evidence of luminal bacteria or IBCs (data not shown), although IFA demonstrated the presence of isolated QIRs in the underlying cell layers, suggesting that the bacteria were protected in their intracellular locations. Surprisingly, however, 72 h after PS treatment, when the proliferating underlying transitional cells had differentiated and reformed an intact superficial facet cell layer, we found by urinalysis that four of nine mice (44%) developed bacteriuria. Bladder CFU titers in three of these mice were Ͼ10 6 CFU͞ml (P Ͻ 0.05; Fig. 6A ). Urinalysis showed a pronounced inflammatory response concomitant with epithelial exfoliation (Fig. 6 B and C) and presence of bacterial filaments (Fig. 6D) . The titers and cytological findings were indistinguishable from those of a de novo acute infection (16) . Therefore, our results suggested that the bacterial QIRs in underlying cells were not only viable but could be induced to reemerge from their reservoir to cause an acute recurrent UTI. Bacteria in the rUTI episode were still GFP ϩ , confirming that they were descendents of the initial inoculum. Thus, UPEC found within membranebound QIRs in underlying transitional cells can serve as a seed for a new infection upon activation of transitional cell differentiation, whereas, if the bacterial QIRs are confined to the superficial facet cells, stimulation of bladder exfoliation leads to elimination of the chronic UPEC infection. 
Discussion
Our studies demonstrate the ability of E. coli to invade bladder epithelial cells and establish quiescent intracellular reservoirs within late endosomal vesicles where they can persist for months. We found that vesicle-bound QIRs that persisted exclusively in the superficial facet cells could be eliminated in 100% of treated bladders by inducing exfoliation using PS. Presumably, PSinduced epithelial exfoliation in those bladders led to shedding of all bacteria before they were able to proliferate and establish a recurrence of infection. In contrast, when the initial bacterial inoculum was applied to bladders with damaged chemical and cellular barriers, the bacteria formed endosomal QIRs in greater abundance in all layers of the bladder. PS treatment of those bladders did not expel the bacterial reservoir, and led instead to a recurrence of acute infection in nearly half the mice examined. These results argue that, when bladder mucosal barriers are breached, E. coli can colonize underlying transitional cells and form QIRs that are resistant to both innate (e.g., exfoliation) and adaptive host defenses. Inducing exfoliation in any bladder with an intact superficial facet cell layer leads to initiation of an epithelial differentiation program. In bladders harboring bacterial QIRs in underlying transitional cells, the waves of cell differentiation and division consequent to superficial cell exfoliation could lead to activation of the QIRs as infected transitional cells differentiate into superficial facet cells, thereby seeding a recurrent infection (Fig. 10 , which is published as supporting information on the PNAS web site). The superficial facet cell may provide the necessary intracellular milieu to support active bacterial replication and thus IBC formation. Previous work has demonstrated that, after exfoliation in infected bladders, TGF-␤ and Wnt͞Ca 2ϩ pathways are downregulated in the bladder, promoting the differentiation of the immature underlying cells to superficial facet cells (17) ; thus, molecular regulation of these pathways may be important in the etiology of rUTIs.
During the course of an ascending UTI, UPEC likely encounter bladders with an intact superficial facet cell layer. Previous work has demonstrated that UPEC adhere to, invade, and establish IBCs within these facet cells (9, 16) . In the present study, we found that treatment with 10 or 50 mg͞ml PS led to either partial or complete stripping of the superficial facet cell layer, respectively, as determined by analyses of whole-mount bladders. Surprisingly, IBC formation in the underlying transitional cells was only supported in the bladders that were partially stripped of their superficial facet cells; IBCs were not detected in bladders where the entire facet cell layer was stripped. One explanation is that genetic cascades may be activated within the bacteria during IBC maturation in superficial facet cells that facilitate or are necessary for subsequent invasion into underlying epithelial cells. Alternatively, host signals generated during IBC formation in superficial facet cells could predispose the underlying transitional cells to bacterial invasion and IBC formation. Finally, it cannot be formally ruled out that the PS concentration necessary to strip the luminal epithelial cells may have unforeseen effects that protect the underlying transitional cells upon challenge by type 1-piliated UPEC.
Our findings suggest a potential link between disrupted epithelial barriers and formation of bacterial QIRs that could seed recurrent infection in the bladder. In humans, certain conditions result in a damaged epithelium; for example, patients with spinal cord injury often show evidence of urothelial damage similar to that caused by PS treatment and exhibit an increased incidence of bacterial cystitis (24) . Even in healthy young women with presumably unperturbed epithelia, bladder GAG levels may vary during the normal menstrual cycle (25) . Normal physiological changes in levels of GAGs may render bladders more vulnerable to invasion by bacteria at certain times. If UPEC inoculation were to occur in the face of a damaged epithelial layer or in hosts with inadequate GAG barriers, UPEC might colonize underlying, transitional cells and persist until subsequent exfoliating stimuli induce a recurrence. Furthermore, certain UPEC strains may contain virulence factors that allow the bacteria to penetrate into the transitional cells and form QIRs. Establishment of QIRs throughout the underlying transitional epithelium may predispose an individual to an increased likelihood of recurrence and may account for some of the frequent same-strain recurrences that are seen clinically despite appropriate antibiotic therapy.
At the cellular and mechanistic level, our data in a mouse model delineate the long-term survival of a clinical cystitis UPEC strain in a protected host niche, the nondegradative Lamp1 ϩ endosomes. Several microorganisms that are also associated with persistent infections and evasion of host defenses (reviewed in refs. 26 and 27) are known to exist within Lamp1-containing vacuoles e.g., Helicobacter pylori (28), or Salmonella Typhimurium, which can survive and replicate in moderately acidified compartments (29) . Future studies designed at investigating the bacteriologic properties of E. coli enclosed in the endosomal compartment could provide insights into mechanisms underlying their persistence in the urinary tract (30) .
Our findings raise possible therapeutic avenues for the treatment of recurrent UTIs. We show that inducing epithelial exfoliation by using cationic proteins (e.g., PS) can, in some cases, expel bacteria from their intracellular locations. Therefore, protamine sulfate or other similar cationic compounds could act as potential therapeutic adjuvants in conjunction with antibiotic treatment to induce stripping of the urothelial lining containing cryptic bacterial QIRs, thus eliminating a potential source of chronic same-strain recurrent UTI episodes.
Materials and Methods
Mice. All experiments were performed by using protocols approved by the animal studies committee of the Washington University School of Medicine. Six-to 8-week-old female C57BL͞6 mice (The Jackson Laboratory, Bar Harbor, ME) were used in all experiments. All mice were maintained under specified pathogen-free conditions in a barrier facility and under a strict 12-h light cycle.
Bacterial Strains. UTI89 (9), a UPEC strain recovered from a human patient with cystitis (31), was transformed with pCOM-GFP plasmid (32) and grown for 16 h in LB as a static culture at 37°C.
Inoculations of Mice.
Mice were anesthetized and inoculated via transurethral catheterization with 50 l of 10 7 CFU bacteria) in PBS as described (17) . Mice were killed at the indicated times, and their bladders were aseptically removed and processed for microscopy, histology, and CFU titration. CFU Titrations. Bacterial titers were determined by plating serial dilutions of bladder homogenates (1 ml of PBS with 0.025% Triton X-100) on LB agar plates.
BrdU Labeling. Some mice received an intraperitoneal injection of an aqueous solution of BrdU (120 mg͞kg) and 5-fluoro-2Ј-deoxyuridine (12 mg͞kg) (Sigma, St. Louis, MO) 90 min before death.
PS Treatment. PS (50 l; Sigma) was inoculated transurethrally into the bladders of adult C57BL͞6J female mice at multiple doses (0.1-100 mg͞ml), and the extent of facet cell exfoliation was determined at multiple time points. All analysis was performed in the urothelia of adult female C57BL͞6J mice (n ϭ 4-8 mice per experimental group for all experiments, n ϭ 1-2 experiments). For further details, see Supporting Text, which is published as supporting information on the PNAS web site.
Histologic Analysis and IFA. Bladders were dissected into two halves and incubated in 10% formalin overnight at 4°C. The bladder tissues were embedded in 2% agar for paraffin processing. For IFA, 4-to 5-m serial sections were cut longitudinally, deparaffinized in fresh xylene (twice for 10 min at room temperature), rehydrated in isopropanol (three times for 5 min at room temperature), antigen retrieved by boiling for 30 min in 10 mM sodium citrate buffer, blocked in 1% BSA͞0.3% Triton X-100 for 1 h at room temperature, and subsequently incubated overnight at 4°C with the following primary antibodies: (i) goat polyclonal antibodies to PCNA (1:100 final concentration in blocking buffer; Santa Cruz Biotechnology, Santa Cruz, CA), (ii) rabbit polyclonal antibodies to E. coli (1:500; US Biological, Cleveland, OH), (iii) rat anti-mouse E-cadherin (1:500; Zymed, South San Francisco, CA), (iv) mAb to uroplakin III (1:10; Research Diagnostics, Flanders, NJ), (v) rabbit polyclonal antibody to cathepsin D (1:100; Santa Cruz Biotechnology), (vi) rat mAb to LAMP1 (clone ID4B; Developmental Hybridoma Bank, National Institute of Child Health and Human Development, Bethesda, MD), (vii) goat polyclonal antibodies to BrdU (1:10,000, ref. 33) , and (vii) mouse antibodies to FimH (1:100). After three PBS washes (5 min each at room temperature), antigen-antibody complexes were detected with Alexa Fluor 488-, 594-, and 647-conjugated secondary antibodies (1:500; Molecular Probes, Eugene, OR).
Scanning Electron Microscopy (SEM). SEM was performed as described (14).
Whole-Mount Analysis. Mice were killed, and their bladders were bisected and splayed in PBS. Splayed bladders were incubated in 4% paraformaldehyde for 1 h at room temperature, washed twice with 1ϫ PBS, and stained for 20 min at room temperature with 10 g͞ml r-WGA to demarcate outlines of mature facet cells and 20 g͞ml biz-benzimide to visualize nuclei. All images were obtained by using a Zeiss Axioskop MOT Plus microscope equipped with an AxioCam MRM 2.0 Hi-Res digital camera for fluorescence microscopy. Axiovision software was used for image capture, processing, and documentation.
Urine Analysis. At the indicated times, mice were induced to urinate by applying gentle pressure to the skin just below the occiput. The clean-catch urine samples were collected into sterile Eppendorf tubes, spun onto poly(L-lysine)-coated glass slides by using a CytoPro (Wescor, Logan, UT) cell spinner (6 min at 1,000 rpm), briefly heat fixed, and then stained with the Protocol Hema3 staining kit (Fisher, Pittsburgh, PA). Bacterial titers were determined by serial dilutions on Luria-Bertani (LB) agar plates.
Statistical Analysis. Statistical analysis was performed by using Mann-Whitney U test (two-tailed). A value of P Ͻ 0.05 was considered to be significant.
